Background There have been some controversies over the ability of individuals with autism spectrum disorder (ASD) to perceive biological motion. In this study, we used electroencephalography and behavioural measures (recognition test) to examine whether or not children with ASD can correctly identify biological motion. Method Twenty participants with ASD (mean = 11.3, SD = 2.1 years) and 20 typically developed (TD) participants (mean = 11.4, SD = 2.8 years) participated in the study. They watched videos and point light displays of actions, and their EEG was recorded. Then they answered action recognition test, and their accuracy and response times were recorded. Results Our findings showed that children with ASD had the same mu suppression as a TD age-matched control group in both point light display and video presentations. Furthermore, the results showed that while TD and ASD groups did not differ in accuracy, ASD participants had a slower reaction time.
Introduction
Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterised by deficits in communication and social interactions as well as restricted behaviours (APA 2013) . The bases of social deficits have been an intense subject of research in the past 10 years (Hadjikhani et al. 2006; Oberman et al. 2007; Oberman et al. 2013) . Previous electrophysiological, behavioural and neuroimaging studies have reported conflicting findings about impaired process of social stimuli [e.g. faces (Carver and Dawson 2002; Schultz 2005; Jemel et al. 2006) ] or enhanced processing of non-social stimuli [e.g. objects (Klin et al. 2009; Mccleery 2011) ], yet the main factors leading to social-cognitive deficit in ASD are still a matter of controversy (Mccleery 2011) . Three main hypotheses have been proposed: socialcognitive deficits are caused by (1) impairment in particular brain networks like amygdala and fusiform face area (Schultz et al. 2003; Schultz 2005) , (2) decreased engagement with others and attention to social stimuli (Carver and Dawson 2002; Dawson et al. 2012) or (3) enhancement in processing nonsocial stimuli or local features as opposed to global processing (Jemel et al. 2006; Mccleery 2011; Mottron 2011) . Mottron (2011) recently suggested that the redistribution of brain functions in people with ASD may reflect superior performance in brain networks rather than impairment.
The perception and understanding of social stimuli, including human movement and biological motion (BM), play a key role in social development (Blakemore and Decety 2001) . Previous studies have shown that this process develops very early, before the age of one (Hirai and Hiraki 2005; Reid et al. 2005; Simion et al. 2008) . Neural mechanisms associated with BM processing are also involved in the perceptual processing of faces and human actions (Lloyd-Fox et al. 2012; Paulus et al. 2012) , and they underlie the development of social skills such as joint attention and mentalising abilities (Hadjikhani et al. 2006; Hamilton 2013) . The disruption of these mechanisms could lead to the social interaction difficulties observed in children with ASD (APA, 2013) . Many instances of visual perceptual processing require the perception of both form and motion, and this is true for most socially relevant perceptual processing, including BM (Thirkettle et al. 2009 ). To investigate the perception of human movements, researchers have been using point light displays (PLDs), initially developed by Johansson (1973) . PLDs are animation figures with small dots placed on head and major joints, depicting BM (Johansson 1973) .
Studies on BM and perception of action depicted by PLDs in people with ASD have reported difficulties in action recognition (Freitag et al. 2008; Parron et al. 2008; Centelles et al. 2013; Wang et al. 2015) and impairment in understanding other people's intentions and actions (Cossu et al. 2012; Zalla et al. 2013) . Blake et al. (2003) examined whether school-aged children with ASD had more difficulties than typically developed (TD) children in recognising BMs, using PLDs and scrambled incoherent motion. Children with ASD were more impaired than TD children in the BM task. Centelles et al. (2013) showed two different types of PLDs to people with ASD (PLDs of interaction between characters and PLDs of no social engagement) and revealed that children with ASD had more difficulties than TD children in recognising PLDs involving social engagement or PLDs of characters interacting each other. On the other hand, there are several studies that report results in contrast with the results of the aforementioned studies (Cusack et al. 2015; van Boxtel et al. 2016) . According to Cusack et al. (2015) , there are several possible causes for inconsistencies in the literature. For instance, experimental controls in previous studies were not completely adequate, and group differences were not specific to ASD or the capacity for motion processing in the people with ASD. Some experimental tasks place high demands of working memory, attention and decision making; these factors could be affected by the impairments of executive functions in people with ASD (Hill 2004) .
Previous imaging and psychophysical studies have found that PLD BMs activate the premotor and inferior frontal regions that is known as the action observation system or mirror neuron system (MNS) (Rizzolatti et al. 1996; Perry et al. 2010; Singh et al. 2011; Dawson et al. 2012; Gao et al. 2015) , and it is involved in the action execution and planning (Saygin et al. 2004; Saygin 2007 ) and perception of biological motions (Jacobs and Shiffrar 2005; Calvo-Merino et al. 2006) .
Mu rhythm is defined in 8-to 13-Hz frequency range of EEG, measured over the somatosensory area and is thought to be the result of activating MNS (Anderson and Ding 2011). There is a link between decreasing alpha power and increasing attention demands, episodic memory and alertness (Klimesch 1999; Sauseng and Klimesch 2008) ; therefore, the suppression of alpha in central brain regions should also be responsive to the perception of BM (Ulloa and Pineda 2007) . Mu rhythm is desynchronised, and its power decreases when it is involved in motor activity (Gastaut 1952) or while observing actions performed by others (Muthukumaraswamy et al. 2004; Ulloa and Pineda 2007) . These characteristics have led researchers to link mirror neurons activity to the suppression of mu rhythm (Pineda 2005) .
Mu rhythm was also used as an index of mirror functioning in people with ASD (Oberman et al. 2005; Oberman et al. 2007; Oberman et al. 2008; Raymaekers et al. 2009; Oberman et al. 2013; Dumas et al. 2014) . In an early study, Oberman et al. (2005) revealed that children with ASD have impairment in their MNS. They measured mu suppression in 10 children with high-functioning ASD while watching four videos: (1) a moving hand, (2) a bouncing ball, (3) visual noise and (4) moving their hand. They revealed that participants with ASD had lack of mu suppression during the observed hand condition. Although their results were not replicated by Raymaekers et al. (2009) , they measured mu suppression of 20 people with high-functioning ASD in four conditions: (1) video of a moving hand, (2) video of moving their hand, (3) video of two bouncing balls and (4) watching visual white noise. Their results did not support dysfunctional MNS in people with high-functioning ASD. Moreover, from seven EEG studies using Oberman design of execution and observation of hand movement, four studies reported the absence of mu suppression (Oberman et al. 2005; Bernier et al. 2007; Oberman et al. 2007; Oberman et al. 2008) , while three other studies found no differences between action execution and observation (Raymaekers et al. 2009; Fan et al. 2010; Bernier et al. 2013) . Although previous studies supported the hypothesis that MNS is involved in inferring the perception of BM in TD people based on mu rhythm (Ulloa and Pineda 2007; Perry et al. 2010; Singh et al. 2011) , there is a lack of evidence regarding mu rhythm and mirror neuron function in BM perception in people with ASD.
In this study, we sought to test BM perception ability of children with ASD and TD children. Using EEG, we investigated whether mu rhythm suppression would be observed both during PLD BM and realistic videos of BM. We addressed the following questions: (1) Do children with ASD and TD children show the same mu suppression while observing PLD BMs and realistic video? (2) Is the suppression of mu rhythm similar in both conditions? (3) Are children with ASD impaired in recognising actions compared with TD children? Our hypothesis was that if the answers to questions 1 and 2 are positive, and the answer to question 3 is negative, then we could conclude that the perception of BM is intact in children with ASD.
Method

Participants
An informed consent was obtained from all parents after the experimenter explained the study procedures. The study design was approved by the ethical committee of Ferdowsi University of Mashhad. Twenty participants (three girls) with ASD between 6 and 17 years and 20 age-matched TD participants (three girls) were recruited in the study ( Table 1 ). All participants with ASD had previously received a clinical diagnosis of ASD according to DSM-5 criteria (APA, 2013), and they were scored positive to the Autism Diagnostic Interview-revised (Rutter et al. 2003) administered by a child psychiatrist or psychologist. The participants with ASD were students at a special school in Mashhad.
The participants' IQ was tested using the Leiter International Performance Scale (Levine and Leiter 1989) , and all participants had a full IQ above 70. The participants with ASD had a significantly lower IQ than the control participants (P = 0.01). The exclusion criteria for the participants with ASD and TD participants were severe behavioural problems and uncontrolled seizure, history of cerebral palsy, schizophrenia, tuberous sclerosis or any other neurological or psychiatric disorders. All participants had corrected-to-normal or normal vision, and none received psychopharmacotherapy.
Apparatus
The participants sat in front of a 21.5-in.
LG© LCD screen (resolution, 1024 × 768 pixel; 60 Hz). Their viewing distance was controlled to be between 90 and 110 cm. The participants were instructed to remain seated in front of the LCD in upright posture and were monitored continuously to maintain the mentioned posture. The stimuli had a size between 12.86°-15.81°o f visual angle in width and 15.81°-18.92°in height, embedded 20-25 cm in width and 25-30 cm in height on the screen. The experimental data were collected in a quiet environment with ambient lighting appropriate for visual and psychophysical recordings. 
Electrophysiological study
Stimuli Nine 80-s videos were presented to the participants (four PLDs, four videos and one baseline): (1) walking -PLD, (2) walking -video, (3) underarm throwing -PLD, (4) underarm throwing -video, (5) basketball free throwing -PLD, (6) basketball free throwingvideo, (7) dance routine -PLD, (8) dance routinevideo and (9) noisy screen (without any perception of action, used as baseline condition) (Fig. 1) . The video and PLD conditions were similar to each other. To produce the PLD conditions, we used 13 reflective markers attached to head, shoulders, elbows, wrists, hips, knees and ankles (Fig. 2) , and we tracked them using SIMI motion analysis (http://www.simi.com/en/ ). The data were then exported and converted to PLD animation using motion kinematic and kinetic analyser (Mokka) software (http://biomechanicaltoolkit.github.io/mokka/index.html). All PLDs consisted of white dots against a black background (Fig. 1) . There was short breaks (1-2 min) between the videos. To ensure that the participants were fully engaged in the stimuli, we asked them to carefully attend to the screen and to remember what they would see so that they could answer the experimenter's questions after watching all the stimuli.
EEG procedure
For each condition (PLD and video), all stimuli were presented in a counter-balanced order to decrease after-effect of the previous clips. Furthermore, all participants viewed the PLDs first to ensure that their perception was not affected by the realistic video clips. The EEG data were collected from six electrodes embedded in a cap at the F3, F4, C3, C4, O1 and O2 according to the international 10-20 method of electrode placement. The impedance of each electrode was measured and was less than 10 kΩ. For the electrodes on each hemisphere, a ground electrode was placed on the ear, and a reference electrode was attached to the other ear. The EEG was recorded using a FlexComp Infiniti ™ system with a sample rate of 256 Hz. A low pass filter of 30 Hz and a time constant of 2 s were used. The EEG data were digitally filtered with a 50-Hz notch filter. The data were collected in approximately 80 s per condition (Oberman et al. 2007; Perry et al. 2010 ) at a sampling rate of 256 Hz.
EEG analysis
The EEG oscillations were recorded over the cortex.
To eliminate the attentional transient due to the initiation and termination of the stimuli, the first and last 10 s of each condition were removed from the analysis (Oberman et al. 2007 ), leaving us with 60 s of data to analyse. The acquired data were preprocessed using EEGLAB (MATLAB, MathWorks, MA, USA; https://sccn.ucsd.edu/eeglab/). The eye and head movements, eye blinks and other EEG artefacts were identified and removed manually prior to the analysis according to the standard criteria used in previous works (Oberman et al. 2007) . The ratio of the power during the experimental conditions (PLDs and videos) relative to the power during the baseline (noisy screen) was used to calculate mu suppression. Mu suppression was calculated using Equation 1 (Oberman et al. 2007; Ulloa and Pineda 2007) . To control the variability in mu absolute power as a result of individual differences such as electrode placement, scalp thickness and impedance, a ratio was used as evidence of mirror neuron activity. Because the nature of ratio data is typically non-normal as a result of lower bounding, we used a logarithmic transformation for the analysis. A logarithmic ratio less than zero indicates suppression, while a ratio greater than zero indicates enhancement, and a value of zero indicates no suppression (Oberman et al. 2007; Ulloa and Pineda 2007) . Because the mu rhythm (central alpha frequency band 8-13) overlaps with the posterior alpha frequency band, this posterior activity might affect the recordings in central areas. To check if the recorded mu from the central areas was affected by posterior alpha, for each participant's recorded alpha, we performed further analysis in O1 and O2 electrodes in occipital areas using the same frequency band as used for central electrodes. There was not a consistent pattern of suppression in the 8-13 band. These results indicate that the modulations of mu activity in the central area were not related to the posterior alpha. 
where MS = mu suppression, Mp ec = mu power of experimental condition and Mp nc = mu power of noisy condition.
Behavioural study
Stimuli Figure 1 (left column) shows the snapshots of four stimuli in behavioural study. The stimuli were obtained from electrophysiological study and were 'free throw', 'dance', 'underarm throw' and 'walking'. The size of the stimuli was 12 × 20 cm on screen; each PLD stimuli lasted for 2 s and were played 3 times.
Procedures
A sample trial of the action identification task is depicted in Fig. 3 . The experimenter informed participants that a total of four animations would be presented; a fixation cross (2 × 2 cm) was presented at the centre of the screen for 1.5 s, followed by a PLD displayed up to four times (2 s per instance). Each stimulus was repeated 3 times in each trial, and each trial was repeated 4 times in a random order to decrease the prediction effect. The participants were asked to recognise the presented PLD and respond as fast and accurately as possible, by means of a righthanded key press (V for walking, B for free throwing, N for underarm throwing and M for dancing). The participants' response time and accuracy were recorded. In case the participants did not provide an answer after the third presentation of the PLD, the trial was considered to be missed.
Results
Behavioural data
Action recognition
In action recognition test, the TD controls showed 100% accuracy for free throwing, 90% for dance, 95% for underarm throwing and 100% for walking. The performance was less in the ASD group, in which the participants answered correctly 70% for free throw, 60% for dance, 80% for underarm throwing and 90% for walking. A two-way mixed analysis of variance was conducted on the number of correct responses, with group as between-subject factor and action type as within-subject factor. The group main effect was significant (F 1,76 = 4.04, P = 0.48); TD group correctly identified more actions (M = 8.73, SE = 0.28) than ASD group (M = 7.65, SE = 0.28).
The main effect of action type was significant (F 1,76 = 10.48, P < 0.001); walking (M = 9.40, SE = 0.46) was easier than underarm (M = 7.30, SE = 0.57), free throw (M = 5.6, SE = 0.47) and dance (M = 5.4, SE = 0.63). However, the interaction effect of Group × Action type was not significant (P = 0.789). Figure 4 illustrates the mean response time of the correct responses for both group. Another two-way mixed analysis of variance was conducted on the response time, with group as between-subject factor and action type as within-subject factor. The main effect of group was significant (F 1,76 = 46.0, P < 0.001); TD group (M = 2.16, SE = 0.11) was faster at responding to the stimuli than ASD group (M = 3.22, SE = 0.14). Also, the main effect of action type was significant (F 1,76 = 14.14, P < 0.001);
Response time
78 Figure 3 The identification task used in the behavioural study.
[Colour figure can be viewed at wileyonlinelibrary.com] Figure 4 Recognition test. Mean and standard errors of different conditions and groups. This figure shows that typically developed (TD) group answered faster than autism spectrum disorder (ASD) group in all conditions; however, the difference is just significant in dance and free throw conditions. [Colour figure can be viewed at wileyonlinelibrary.com] participants responded to walking (M = 1.89, SE = 0.11) faster than underarm (M = 2.69, SE = 0.19), free throw (M = 2.75, SE = 0.19) and dance (M = 3.43, SE = 0.21). However, the interaction effect of Group × Action type was not significant (P = 0.119).
Electrophysiological
At first, C3 and C4 positions were selected to show the activity of sensory motor cortex as the evidence of action perception (Hari 2006; Ulloa and Pineda 2007; Oberman et al. 2008; Fox et al. 2016 ). The mean suppression over these electrodes was used as the measure of mu suppression in the statistical analysis (Raymaekers et al. 2009; Dumas et al. 2014) . A fourway mixed analysis of covariance with age and IQ as covariates was conducted. The between-subject factor was group (ASD and TD), while the between subject factors were electrodes (C3 and C4), condition (PLD and video) and action type (free throw, walking, underarm and dance). Figure 5 shows the logarithmic ratio of mu suppression for each condition, group and electrode. This figure reveals that the TD group shows more suppression in most of the PLD conditions and the ASD group shows more suppression in the video conditions.
The results of analysis of covariance showed that there was not any significant effect of the group on mu suppression after controlling for the effect of age and IQ (F 1,605 = 2.19, P = 0.14), indicating that both groups showed the same level of suppression. Also, the effect of the electrode on mu suppression was not significant after controlling the effect of age and IQ (F 1,605 = 1.18, P = 0.27), meaning that there was no laterality of mu suppression. Furthermore, after controlling age and IQ, the effect of condition on mu suppression was not significant (F 1,605 = 0.24, P = 0.62), indicating that PLDs lead to same suppression as the videos. Although all interaction effects were not significant (P > 0.05), there was a significant effect of the stimuli on mu suppression after controlling age and IQ (F 3,605 = 3.20, P = 0.02, η 2 = 0.016). Further analysis revealed that this was due to a significant difference between free throw and walking (P = 0.049).
Relation between mu suppression and age
The results of the Pearson correlation analysis revealed no significant correlation between mu suppression and age (P > 0.05) combining all participants from both groups. In addition, separate analysis for the each group revealed no significant correlation for the ASD group r(20) = À0.17, P = 0.56 and the TD group r(20) = À0.004, P = 0.95. The correlation between mu suppression and age was not significant for the ASD group under different conditions ( Table 2) .
Relation between mu suppression and intelligence
The correlation analysis revealed no significant relationship between mu suppression and intelligence (P > 0.05) combining all participants from both groups. Separate analysis for each group, ASD r(20) = À0.04, P = 0.60 and TD r(20) = À0.04, P = 0.53, revealed that there was no significant relation between IQ and mu suppression in each group and condition (Table 3) . However, there were significant correlations for ASD group for free throw -PLD r(20) = À0.57.
Discussion
This study was the first step in investigating the perception of BM in people with ASD using electrophysiological method, and our data demonstrate that the perception of BM is slower in children with ASD. Thus, this study may serve as a link with previous studies showing the preserved perception of BM by other methods such as behavioural methods (Cusack et al. 2015; van Boxtel et al. 2016 ).
The children with autism spectrum disorder exhibited mu suppression
The electrophysiological results of this study revealed that both children with ASD and TD had mu suppression. In the children with ASD, the pattern of suppression depended on how familiar they were with the task depicted. The least suppression was for dance (mean PLD = À0.009, mean video = À0.025) and then underarm throwing (mean PLD = À0.027, mean video = À0.031), free throw (mean PLD = À0.051, mean video = À0.030) and walking (mean PLD = À0.050, mean video = À0.073). However, for the TD children, there was not any pattern, and suppression of dance (mean PLD = À0.068, mean video = À0.041) and walking (mean PLD = À0.079, mean video = À0.081) was more than underarm (mean PLD = À0.070, mean video = À0.010) and free throw (mean PLD = À0.035, mean video = À0.020). These results revealed that although the mu suppression in children with ASD was different from that of the TD group children at certain action types, on average, the differences were not significant. The MNS together with the superior temporal sulcus forms the action observation network (Kilner et al. 2007; Schrodt et al. 2015) . BMs encoding takes place in the superior temporal sulcus (Schrodt et al. 2015) , and this structure is closely linked with the MNS (Hari 2006; Ulloa and Pineda 2007; Fox et al. 2016) . Our results confirm the involvement of the MNS while observing video and PLD stimuli. The absence of group difference in the mu suppression leads us to conclude that the MNS functions normally for this paradigm, thereby questioning the concept of 'broken mirror' in ASD (Oberman et al. 2005) . The results of the current study are in contrast with those from other studies that reported disrupted neural network for BM processing in people with ASD (Kaiser and Shiffrar 2009; Kaiser and Pelphrey 2012; Kröger et al. 2014 ) and consistent with those that reported normal function of MNS (Southgate and Hamilton 2008; Raymaekers et al. 2009; Fan et al. 2010; Hamilton 2013) . The main reasons for the 80 inconsistent results may be due to the different age range, IQ domain, procedural differences and the severity of ASD (Raymaekers et al. 2009; Hamilton 2013) . Moreover, the most important reason is that the participants might have a different level of visual and physical (Marchant et al. 2007; Cross et al. 2012) . Previous experiences directly affect the activation of MNS and perception of action (Marchant et al. 2007; Cross et al. 2012 ) and should be considered in future studies. In a recent ERP study, Kröger et al. (2014) reported the differences between ASD and TD groups, with reduced and more diffused activation in the ASD group, and concluded that the neural network for BM processing is disrupted in the people with ASD. We think that the difference with the current study is that the stimuli that Kröger et al. (2014) used were short (1 s) and, as we showed in our study, it appears that children with ASD need more time to perceive/process this type of stimuli. Hence, it is possible that participants in their study scanned the stimuli in a different way than the control group. The ASD subjects have indeed atypical gaze behaviour, including more saccades and shorter fixation on BM stimuli (Nackaerts et al. 2012) . By increasing the duration of PLDs in the current study, we made it possible to capture the relevant information about action perception by children with ASD, which revealed an intact function of the MNS for this paradigm. Future research is needed to better understand the importance of timing in these experiments and compare mu suppression in the first and the last part of stimuli presentation.
Relation between mu suppression, age and IQ
The results of the current study revealed no significant relationship between mu suppression and age in both groups. Oberman et al. (2005) , in a large age-range sample, reported no significant relation between age and mu suppression in their participants with ASD. We could conclude that age has no significant influence on MNS activation in people with ASD. However in another study, the same authors showed significant correlation between action observation and mu suppression in both ASD and TD groups (Oberman et al. 2013) . Their results were in contrast to the previous argument that MNS dysfunction improves with age in individuals with ASD. Our results indicate that MNS is not dysfunctional and age has no effect. Future studies may need to examine the role of age in action perception. Our study also differs from other studies regarding participants' IQ. In contrast to previous studies that reported a significant relationship between IQ and mu suppression (Raymaekers et al. 2009 Children with autism spectrum disorder are less precise and slower in recognising actions
Our results showed a tendency of a lower number of correct responses for certain actions in the ASD group; however, averaging across all actions, the group difference in recognition accuracy was not significant. But clearly, children with ASD were slower in their response time and needed more time for their decision. Blake et al. (2003) revealed that ASD children had more difficulties recognising human BMs and that their ability to recognise BM was related to their ability to recognise emotion from PLDs. These results were consistent with the results of previous works that failed to reveal any impairments related to ASD in detection of thresholds (Saygin et al. 2010) or accuracy and reaction times (Murphy et al. 2009 ) for detecting direction of PLD movements of a walking person. Freitag et al. (2008) revealed no accuracy differences between biological and scrambled motion in adults with ASD. However, some other studies have revealed impairment in perception of BMs in people with ASD (Blake et al. 2003; Parron et al. 2008; Wang et al. 2015) .
The fact that children with ASD sometimes can answer but tend not to answer suggests that their difficulties might arise from problems with understanding how and when to answer. Knowing how and when to answer probably depends on the ability to exploit the social and communicative cues of others (Hamilton 2008; Hamilton 2013) . It is important to note that in previous research, children with ASD were less accurate but not incapable of identifying BMs (Hubert et al. 2007) , and similarly to what was found in the present study, they needed more time to answer (Moore et al. 1997; Wang et al. 2015) . Children and adolescents with ASD are impaired at naming higher order emotional states but not at naming human actions (Parron et al. 2008) . Atypical activity of MNS is not related to action perception per se but rather to difficulty in emotional recognition (Hadjikhani et al. 2006) .
The difficulty level of PLDs is another important factor. Wang et al. (2015) showed that for both ASD and TD groups, stimuli like 'walking' and 'running' were easier to identify than 'standing up'. It seems that previous visual or motor experience of participants plays a critical role in their ability to identify the action depicted. Future research should explore the role of previous experience on the perception and the ability to identify actions in people with ASD.
Conclusion
We used mu rhythm as an index of MNS activity. Children with ASD did not show different mu suppression when comparing with their TD control. The mu suppression was not correlated with age and IQ. According to behavioural assessment in comparison with TD children, children with ASD had near precision in action recognition, but they needed more time to response to the stimuli. To analyse the role of attention in assessment of mu suppression during action observation, we suggest that eye-tracking methods could be used to examine the relation between mu suppression and gaze shifting, as well as gaze duration of participants.
